Abstract Drug abuse and dependence are multifaceted disorders with complex genetic underpinnings. Identifying specific genetic correlates is challenging and may be more readily accomplished by defining endophenotypes specific for addictive disorders. Symptoms and syndromes, including acute drug response, consumption, preference, and withdrawal, are potential endophenotypes characterizing addiction that have been investigated using model organisms. We present a review of major genes involved in serotonergic, dopaminergic, GABAergic, and adrenoreceptor signaling that are considered to be directly involved in nicotine, opioid, cannabinoid, and ethanol use and dependence. The zebrafish genome encodes likely homologs of the vast majority of these loci. We also review the known expression patterns of these genes in zebrafish. The information presented in this review provides support for the use of zebrafish as a viable model for studying genetic factors related to drug addiction. Expansion of investigations into drug response using model organisms holds the potential to advance our understanding of drug response and addiction in humans.
Introduction
Drug addiction and dependence is a complex human behavior conceptualized as a progression from acute drug exposure to compulsive drug use accompanied by physiological changes such as increased drug tolerance and withdrawal syndromes. Depending upon the individual clinical course, drug dependence commonly includes periods of active use interspersed with abstinence and relapse. Twin and adoption studies have determined that the heritability of addictive disorders is between 40 and 80% depending on the substance . Addictive disorders are also dependent on the environment such as allowing or promoting substance access, user stress states and traits, individual coping mechanisms and comorbid medical and psychiatric conditions. Because of this complexity, efforts to identify single genes to explain risk for drug dependence have been challenging.
To overcome this challenge and facilitate the study of complex neurologic diseases, the concept of endophenotypes, or intermediate phenotypes, has been introduced (Gottesman and Gould 2003) . Endophenotypes are conceptualized as heritable biological markers associated with illness, which co-segregate with illness in affected families and may be found in unaffected relatives of the proband (Gould and Gottesman 2006) . Endophenotypes may be state-independent (e.g., require challenge or provocation), reflect mediating factor in behavior, and can be dimensionally or quantitatively measured; these characteristics advance our ability to isolate etiological factors in addictive diseases (Enoch et al. 2003; Gould and Gottesman 2006) . Endophenotypes can be neurochemical, neurophysiological, neuroanatomical, neuroendocrine, neuropsychological, or neurocognitive phenomena representing simpler clues to the genetic liability of a disorder (Leboyer et al. 1998) . Endophenotypes enable the process of discovering ''downstream'' clinical phenotypes and ''upstream'' aberrant genes in polygenic disease vulnerabilities (Gottesman and Gould 2003) . Researchers have proposed that drugs of dependence represent a ''behavioral vector'' comprised of multiple vectors subserving endophenotypes (Farris and Miles 2011) . Behavioral vectors are comprised of interacting neuronal networks, which in turn are controlled by genes expressed within neurons. The concept of ''response endophenotypes'' has also emerged describing a class of symptomatic and physiologic predictors occurring in response to therapy carrying predictive power for patient outcomes (Leuchter et al. 2009 ). Characterization of genetic factors influencing endophenotypes of addiction remains difficult but can be facilitated using model systems.
Zebrafish have proved a useful animal model for the study of genetics associated with both complex neurobehavioral phenotypes and drugs of abuse (Clark et al. 2011b ; Klee et al. 2011; Mathur and Guo 2010; Stewart et al. 2011) . Zebrafish are teleost fish with a haploid genome size of 1.7 gigabases, 25 chromosomes, 12,062 known proteincoding genes, 7,465 predicted protein-coding genes, and 4,431 RNA genes (version 9.0 genome). The lineage between mammals and zebrafish is thought to have split approximately 420 million years ago (Huang et al. 2011) . Following that divergence, the zebrafish genome is thought to have undergone an additional duplication and resolution event resulting in the retention of approximately 20% of these additional gene copies (Nusslein-Volhard 2002) . Consequently, for a subset of human genes, the zebrafish genome encodes two orthologs (typically annotated as ''a'' or ''b'' versions) .
Several behavioral zebrafish assays provide a platform to explore acute drug response and the associated reinforcing effect; examples include withdrawal, locomotive activation, and conditioned place preference (Braida et al. 2007; Cachat et al. 2010; Darland and Dowling 2001; Kily et al. 2008; Lau et al. 2006; Ninkovic and Bally-Cuif 2006; Petzold et al. 2009 ). Novel therapeutic discovery for the treatment of drug dependence can also be facilitated by the use of pre-clinical animal models in the examination of specific neural circuits and functional neural pathways. Drug response in zebrafish may provide clues to the existence of response endophenotypes to drug therapy in humans.
In this article, we characterize the homology in zebrafish of genes associated with nicotine, ethanol, cannabinoid, and opioid drug response. For each of these drugs, a focused set of genes was identified that are associated with mechanistic response. We also describe genes associated with neurotransmitter systems involved in the addiction response cascade such as the dopamine, serotonin, GABA, and noradrenergic (NA) systems. Due to the broad scope and often-limited certainty of genetic association studies, genes where the only evidence of association with drug response was obtained from genome-wide association studies (GWAS) were excluded from this review.
Primary drug target receptors

Nicotinic receptors
Societal impact
Tobacco-related diseases have been declared a global epidemic by the World Health Organization and will cause an estimated 8 million annual deaths annually worldwide by the year 2030 (WHO 2008) . Within the United States alone, an estimated 222,520 new lung cancer cases were diagnosed, and 71,890 lung cancer deaths occurred in 2010 (ACS 2010) . Approximately, 32% of individuals using tobacco at least once meet criteria for drug dependence as compared to 16% for alcohol and cocaine users (Durrant and Thakker 2003) . Cigarette smoking is the causative risk factor for approximately 90% of all lung cancers (Carbone 1992) . Nicotine dependence, the primary factor driving tobacco abuse, is considered a treatable disease, and tobacco-related deaths are preventable. Significant advances in nicotine dependence research have identified genetic variants associated with addiction (Li 2008) and have led to the development of improved pharmacologic agents that have increased end-of-treatment abstinence rates (Jiménez-Ruiz et al. 2009 ). Improving our understanding of tobacco dependence etiology, understanding individual risk of dependence and personalizing pharmacologic treatment requires greater knowledge of the genetic components influencing nicotine response.
Human receptor biology
Nicotine is an alkaloid compound found in tobacco responsible for the addictive nature of these products (Jaffe and Kanzler 1979) . The compound is a direct ligand for nicotinic acetylcholine receptors (nAChR). The nAChRs are members of the four-transmembrane domain neurotransmitter-gated ion channel superfamily, which act as ion channels for sodium and calcium (Karlin 2002) . The nAChRs exist as pentameric structures including heteromeric combinations of alpha and beta subunits and alpha-7 homomeric receptors. Eight alpha subunits (a2-a7, a9, a10) and three beta subunits (b2-b4) are expressed in human neural tissue (Jensen et al. 2005) . The a4b2 receptor is the most widely expressed nAChR and displays the highest affinity to nicotine binding. However, a diverse set of receptor subunits produce a large number of nAChR subtypes with varying degrees of sensitivity to nicotine binding. Detailed reviews addressing nAChR subtype structures and the associated binding properties of nicotine have been published (Changeux 2010; Gotti et al. 2007; Karlin 2002; Rucktooa et al. 2009 ).
Human zebrafish homology
The zebrafish genome contains the complete complement of human neural nAChR subunit genes (Klee et al. 2011) . For eight of the 12 human genes, exactly one zebrafish ortholog exists. For the remaining four human genes, nicotinic cholinergic receptors a2, a4, a9, and b3 (CHRNA2, CHRNA4, CHRNA9, and CHRNB3), two zebrafish homologs were identified. Encoded protein sequence comparisons revealed an average percentage of identity between human and zebrafish homologs of 73% (range 64-84%) with the homologous region spanning an average of 89% (range 66-96%) of the human protein ( Table 1) . As illustrated in the phylogenetic tree ( Fig. 1) , in most cases the greatest similarity between human and zebrafish nAChR genes was found between homologs. However, within the clade containing the human genes CHRNB2 and CHRNB4, the association between annotated human and zebrafish homologs is discordant. The most similar gene pairing was the human nicotinic cholinergic receptor beta 2 (CHRNB2) to zebrafish chrnb4, with the zebrafish chrnb2 slightly less similar. The ambiguity in this protein-sequence similarity pairing is reflected in the Bootstrapping analysis of the phylogenetic tree, where the scores for these strata fell below 50%, and the Bootstrap consensus tree correctly paired CHRNB2 with chrnb2, and CHRNB4 with chrnb4.
Zebrafish gene localization
Experimental characterization of the neural nicotinic acetylcholine receptor subunit gene expression in the zebrafish has been described for five of the nine alpha subunit genes and two of three beta subunit genes. An understanding of the known expression patterns of these genes can be instrumental in the design of appropriate model animal studies. The zebrafish chrna2b gene expression was characterized using in situ hybridization in 40-48 h post fertilization (hpf) zebrafish embryos, illustrating a strong spinal cord neuron expression (Thisse and Thisse 2005) . The spinal cord expression was independently observed using in situ hybridization in 24-48 hpf zebrafish embryos, and was further observed in the forebrain of 24 hpf embryos (Zirger et al. 2003) . The chrna4 gene was characterized in 24, 28, 72, and 96 hpf zebrafish using in situ hybridization (Ackerman et al. 2009 ). Expression at 24 hpf was observed in neural crest cells, hind brain, spinal neurons, mandibular, hyoid, and brachial pharyngeal arches, and limited expression in the forebrain. Expression at 48 hpf was noted in the medial longitudinal fascicle and reticulospinal neurons of the hindbrain. At 72 and 96 hpf, extensive midbrain expression and limited hindbrain expression were noted. The chrna5 gene expression measured by whole-mount in situ hybridization was observed in adult liver and strongly observed in 3 dpf whole-body larvae (Cheng et al. 2006 ). The chrna6 gene was extensively characterized using in situ hybridization in 24, 48, 72, and 96 hpf zebrafish larvae (Ackerman et al. 2009 ). In 24 hpf larvae, expression was observed in the spinal neurons, Rohon-Beard sensory neurons in the trunk, pineal, ventral forebrain, trigeminal ganglion, diencephalon, and hypothalamus. By 48 hpf, expression persisted in the pineal, trigeminal ganglion, and diencephalon, and was also observed heavily in the retina, tectum, and locus coeruleus (LC). At 72 hpf, chrna6 expression remained in the locus coeruleus, retinal ganglion cells, tectum, pineal, trigeminal ganglion, dicencephalon, and was also observed in the pretectal catecholaminergic cluster and amacrine cells of the retina. Finally, at 96 hpf, expression persisted in the retina, pineal, tectum, trigeminal ganglion, diencephalon, locus coeruleus, pretectal catecholaminergic cluster, and was also observed in the cranial sensory neurons. Expression of chrna7 was identified by real-time polymerase chain reaction (RT-PCR) in 8 hpf zebrafish embryos and in the hindbrain of 96 hpf zebrafish larvae using in situ hybridization (Zirger et al. 2003) . The expression pattern of the encoded protein of chrnb2b was observed in the spinal cord of 36 hpf larvae using immunohistochemistry (Welsh et al. 2009 ). Finally, the expression of a non-discriminant form of chrnb3 (chrnb3a/ chrnb3b not specified) was observed in the retinal ganglion cell layer in 48 and 72 hpf larvae. While the expression profiles for the nAChR genes are not extensive, they provide context for when and where these genes are observed.
Cannabinoids
Societal impact
For thousands of years, derivatives of Cannabis sativa have been used for recreational, entheogenic, and medicinal purposes. Although delta-9-tetrahydrocannabinol (D9-THC) is the most psychoactive phytocannabinoid (El-Alfy et al. 2010) , there are over 80 additional cannabinoids present in C. sativa. Each of these cannabinoids potentially has differential physiological activities. Cannabis derivatives are illegal in many jurisdictions and represent the most widely used illicit drug in the United States, Europe, and Australia (Maldonado et al. 2011) . The prevalence of the past month Cannabis use in the United States in 2009 was 6.6% (Martínez et al. 2010 ). In addition, there has been an increase in the popularity of products marketed as ''herbal spice'' or ''herbal incense''. These products often contain synthetic cannabinoids and have rapidly changing formulations to circumvent new laws (Dresen et al. 2010) . Chronic Cannabis use has been associated with increased heart rate and risk or heart attack (Mittleman et al. 2001 ), Hum Genet (2012 ) 131:977-1008 979 n/a NP_000764.1 n/a n/a n/a n/a ADH1B n/a NP_000659.2 n/a n/a n/a n/a ADH1C n/a NP_000660.1 n/a n/a n/a n/a ADH4 n/a NP_000661.2 n/a n/a n/a n/a impaired physical and mental health (Gruber et al. 2003) , and impaired learning and memory (Pope et al. 2001) . About 9% of Cannabis users will suffer from drug dependency as compared to about 16% of alcohol and cocaine users (Wagner and Anthony 2002) .
Human receptor biology
Cannabinoid receptors are generally found in presynaptic terminals where they influence the release of neurotransmitters, including glutamate, GABA, glycine, acetylcholine, norepinephrine, dopamine, serotonin, and cholecystokinin (CCK). The broad influence of these drugs explains the prominent role of endocannabinoid signaling in anxiety, depression, cognition, addiction, motor function, feeding behavior, and pain (Kano et al. 2009 ). The first insights into the biology of cannabinoid signaling occurred when the two primary receptors, cannabinoid receptor 1 (CNR1) and cannabinoid receptor 2 (CNR2), were cloned in the early 1990s (Matsuda et al. 1990; Munro et al. 1993 ). CNR1 and CNR2 are seven transmembrane G-protein coupled receptors (GPCR) conserved in vertebrates. CNR1 is the most abundant GPCR in the brain and is widely distributed throughout the CNS as well as in many peripheral tissues (Pertwee et al. 2010) . CNR2 was originally identified within peripheral tissues, but more recently it has been found within regions of the brain, especially glial cells (Cabral et al. 2008; Onaivi 2006) .
Despite its limited expression in the CNS, CNR2 may play a pivotal role in drug self-administration, most likely through release of dopamine (Xi et al. 2011) . Although cannabinoids appear to predominately signal through CNR1 and CNR2, additional receptors are predicted to play a role in cannabinoid signaling. Some of these receptors that have demonstrated cannabinoid ligands include: G-protein-coupled receptors 18, 55, and 119 (GRP18, GPR55, GPR119) (McHugh et al. 2010; Ryberg et al. 2009; Overton et al. 2006) , transient receptor potential cation channel, subfamily V, members 1 and 4 (TRPV1 and TRPV4) (De Petrocellis et al. 2011; Ross 2003) , transient receptor potential cation channel, subfamily A, member 1 (TRPA1) (Baraldi et al. 2010) , and peroxisome proliferator-activated receptors alpha and gamma (PPARA and PPARG) ). In addition, interacting proteins like those from the cannabinoid receptor interacting protein 1 (CNRIP1) gene may be important targets for CNR signaling modulation (Smith et al. 2010 ). Endogenous cannabinoids, or endocannabinoids, are a subclass of bioactive lipid mediators that are produced locally on demand (Murakami 2011) . Although CNR1 and CNR2 do not appear to be conserved outside of vertebrates, cannabinoid responses are observed in invertebrates, suggesting some cannabinoid signaling is conserved in invertebrates (Elphick and Egertová 2001) . Because endocannabinoids are produced locally on demand, their synthesis and generally rapid degradation are important aspects of cannabinoid signaling. Some of the enzymes involved in the synthesis and degradation of the two main endocannabinoids, arachidonoyl ethanolamide (anandamide or AEA) and 2-arachidonoyl glycerol (2-AG), have been described (Ueda et al. 2010 (Ueda et al. , 2011 . These include N-acyl phosphatidylethanolamine phospholipase D (NAP-EPLD) and abhydrolase domain containing 4 (ABHD4) for synthesis of AEA and diacylglycerol lipase alpha and beta (DAGLA and DAGLB) for synthesis of 2-AG. Genes involved in the degradation of AEA include fatty acid amine hydrolase (FAAH), fatty acid amine hydrolase 2 (FAAH2), and N-acylethanolamine acid amidase (NAAA). The 2-AG is degraded primarily by the enzymes encoded by monoglyceride lipase (MGLL), and to a lesser extent by prostaglandin-endoperoxide synthase 2 (PTGS2).
Human zebrafish homology
A list of cannabinoid receptors and key enzymes known for endocannabinoid synthesis and degradation was assembled and compared to the zebrafish to characterize homologous representation (Table 1 ). All but one of the genes analyzed has at least one zebrafish homolog. To date no homolog has been identified in the zebrafish genome for NAAA, which is one of multiple enzymes known to break down N-arachidonoylethanolamide AEA in mammalian systems. Encoded protein sequence comparisons revealed an average percentage of identity between human and zebrafish homologs of 59% (range 43-75%) with the homologous region spanning an average of 92% (range 52-100%) of the human protein. Figure 2 illustrates the evolutionary Fig. 1 relationship between human and zebrafish-encoded cannabinoid-signaling proteins. In all instances, the closest association by sequence identity is found between the human and associated zebrafish homologs. There are four human genes FAAH2, PTGS2, TRPA1, and PPARA, with two homologs in the zebrafish, while the remaining 15 genes having a single homolog.
Zebrafish gene localization
Few investigations have been conducted on the expression of endocannabinoid signaling genes and function of exogenous or endogenous cannabinoids in zebrafish. The first observed expression of cnr1 occurs at 24 hpf in a small subset of the preoptic area of the diencephalon; the distribution of cnr1 transcripts continues through development with significant staining in regions of the zebrafish brain including the telencephalon, hypothalamus, tegmentum, and anterior hindbrain (Lam et al. 2006 ). However, cnr2 was initially reported to exist in zebrafish as two paralogs of the human CNR2, but has since been resolved as a single gene (Rodriguez-Martin et al. 2007) . RT-PCR analysis of cnr2 in adult zebrafish demonstrated that similarly to other vertebrates, this receptor is primarily peripheral with limited expression in the brain (Rodriguez-Martin et al. 2007 ). The trpa1a and trpa1b expression is primarily restricted to sensory ganglia in developing zebrafish Prober et al. 2008) . Both the primary synthesis enzyme gene, dagla, and the primary catabolic enzyme gene, mgll, for the endocannabinoid 2-AG have widespread but restricted expression in the brain, similar to cnr1 expression patterns (Watson et al. 2008 ).
Ethanol
Societal impact
The earliest evidence of human-controlled alcohol production indicates that a mixed fermented beverage of rice, honey, and fruit (hawthorn fruit and/or grape) was being produced as early as the seventh millennium B.C. (McGovern et al. 2004) . Alcohol has had considerable social, religious, and medical significance after alcohol producing yeast S. cerevisiae was domesticated on at least two independent occasions from diverse wild populations possessing the ability to produce high concentrations of ethanol (Fay and Benavides 2005; Woolfit and Wolfe 2005) . Epidemiological studies have reported J-shaped relations between alcohol consumption and cardiovascular disease and death, indicating health benefits of moderate drinking (1 or less drink per day for women and 1-2 drinks per day for men) (Djoussé et al. 2009 ). However, high alcohol consumption remains strongly associated with negative consequences. World Health Organization (WHO) Global Burden of Disease Project concluded that alcohol accounts for approximately 1.8 million deaths per year or 3.2% of all deaths (Rehm et al. 2004 ). In the United States, more than half of all adults have a family history of alcoholism or problem drinking, while three out of ten adults have met diagnostic criteria for alcoholism and/or engaged in alcohol abuse at some point in their lives. Approximately, 16% of all first-time alcohol users will qualify for a diagnosis of drug dependency (Durrant and Thakker 2003) . Untreated addiction costs the United States $400 billion annually, and recent research indicates that alcoholism and alcohol abuse alone cost the nation's economy over $223 billion each year (http://www.cdc.gov/Features/Alcohol Consumption/). This cost includes 15% related to the cost of medical consequences and treatment, more than 70% due to reduced or lost earnings, and the remainder due to lost productivity, accidents, violence, and premature death (Harwood et al. 1998) . Research in the United Kingdom has indicated that the most harmful drug to others was alcohol and the most harmful drugs to users were crack cocaine followed by heroin ).
Human receptor biology
Unlike opiates or cannabis, alcohol does not have affinity to a specific receptor. Ethanol has broad pharmacodynamic effects balanced between excitatory and inhibitory neurotransmission. At concentrations associated with behavioral effects in humans, ethanol facilitates gamma-aminobutyric acid (GABA) function and, at the same time, inhibits the N-methyl-D-aspartate (NMDA) receptor, which mediates the post-synaptic excitatory effects of glutamate (Krystal et al. 2003 (Krystal et al. , 2006 . Tolerance to ethanol results in up-regulation of the NMDA receptor so that abrupt withdrawal produces a hyperexcitable state that leads to seizures, delirium tremens, and excitotoxic neuronal death (Tsai and Coyle 1998) . Longterm exposure to ethanol leads to an imbalance in different excitatory and inhibitory amino acids. When ethanol consumption is reduced or completely stopped, imbalances in amino acid neurotransmitters are behaviorally expressed in the form of ethanol withdrawal. Glutamate, a major excitatory amino acid, and GABA, a major inhibitory amino acid, are responsible, at least partly, for ethanol withdrawal and complications including seizures and delirium tremens (De Witte 2004; Krystal et al. 2003 Krystal et al. , 2006 Tsai and Coyle 1998) . Precise mechanisms of these effects of ethanol are not known; however, a number of proteins for which considerable molecular-level evidence for distinct ethanol binding sites have been identified [reviewed by (Harris et al. 2008) ]. These target proteins include enzymes involved in alcohol pharmacokinetics, alcohol and acetaldehyde dehydrogenases (ADH/ALDH) and adenylyl cyclase, an enzyme involved in production of the second messenger adenosine 3 0 ,5 0 -monophosphate (cAMP) from adenosine triphosphate (ATP). Contemporary findings indicate that alcohol is metabolized to acetic acid primarily by ADH/ALDH, and studies have implicated sequence variations in those genes in association with alcohol dependence and related phenotypes. Genetics factors influencing the primary ADH/ALDH pathway have been identified in ALDH1b, ALDH1c, and ALDH2 (Chen et al. 2009a; Martínez et al. 2010; Nishimura et al. 2002) . Additionally, in the two auxiliary ADH/ALDH pathways, genetic effects have been linked to ADH4 and cytochrome P450, family 2, subfamily E, polypeptide 1 (CYP2E1) (Howard et al. 2003; Luo et al. 2006) . Different adenylyl cyclase isozymes show different sensitivities to ethanol enhancement of cAMP production (Yoshimura and Tabakoff 1995) , and generation of the adenylyl cyclase chimeras enabled the identification of two ''ethanolresponsive domains'' that determined the alcohol sensitivity (Yoshimura et al. 2006) . Evidence also indicates that ethanol acts on ion channels, including inhibition of N-methyl-Daspartate (NMDA)-type glutamate receptors and enhances function of c-aminobutyric acid type A (GABAA) and glycine receptors (Harris et al. 2008) . Findings suggested that ethanol may target a cavity existing among the transmembrane regions of c-aminobutyric acid (GABA) and glycine receptors (Wick et al. 1998) , and/or a target in the second loop of the extracellular domain of alpha 1 glycine receptors (GLRA1) (Crawford et al. 2007 ).
In addition, alcohol consumption is known to increase betaendorphin release at the level of midbrain/VTA (Jarjour et al. 2009 ). Moreover, positron emission tomography demonstrates that a functional opioid receptor mu 1 (MORP) A118G polymorphism is a major determinant of striatal dopamine release in responses to alcohol in social drinkers (Ramchandani et al. 2011) . Given that dopamine release in the ventral striatum is a common element of drug reward (Volkow et al. 2007) , these findings emphasize the complex interactions among neurotransmitter systems involved in alcohol dependence-related phenotypes, as well as the need for careful selection of the target phenotypes for association studies.
Acute and chronic ethanol exposure has been also shown to modulate function of the activity-dependent gene transcription factor, cAMP-responsive element binding (CREB) protein, in the brain [reviewed in (Moonat et al. 2010) ]. The downstream effects on several important CREB-related genes, such as neuropeptide Y (NPY), brain derived neurotrophic factor (BDNF), activity-regulated cytoskeletonassociated protein (ARC) and corticotrophin-releasing hormone (CRH) may play a crucial role in the behavioral effects of ethanol and underlie both alcohol addiction and a genetic predisposition to alcoholism (Moonat et al. 2010) .
Thus, a brief review of evidence supports the notion that ethanol affects various biochemical processes such as neurotransmitter release, enzyme function, and ion channel kinetics. We are only beginning to understand the specific molecular sites to which ethanol molecules bind to produce these myriad effects. However, identified ethanol binding sites and proteins potentially involved in its action allow selection of candidate genetic targets for the purposes of genetic association studies and development of animal models.
Human zebrafish homology
Due to the diffuse manner in which ethanol interacts with proteins in humans, there are no direct receptors mediating exposure to alcohol; however, both the GABA and glycine receptors have been suggested to be directly targeted. The response dynamics are heavily influenced by the genes discussed above, with nine of the 14 genes (Table 1) having characterized zebrafish homologs (Fig. 3) . Homology of the GABA genes is independently discussed in the ''Downstream neurotransmitter signaling systems'' section of this manuscript. Of the genes discussed here, ALDH2 has three defined zebrafish homologs, N-methyl D-aspartate 1 glutamate receptor (GRIN1), and CREB1 has two zebrafish homologs, and GLRA1, NPY, BDNF, CRH, GRIN2A and N-methyl D-aspartate 2B glutamate receptor (GRIN2B) have a single zebrafish homolog each. Encoded protein sequence comparisons revealed an average percentage of identity between human and zebrafish homologs of 77% (range 41-92%) with the homologous region spanning an average of 81% (range 16-100%) of the human protein (Table 1) . Of particular note is the zebrafish homolog of GRIN2B, which only has 41% identity across 16% of the human encoded protein, bringing the homologous status into doubt. The five genes lacking zebrafish homologs include all three alcohol dehydrogenase genes, cytochrome P450 family 2 gene, and the activity-regulated cytoskeleton-associated protein.
BLAST sequence comparisons of these three human alcohol dehydrogenase proteins to the zebrafish proteome reveal the closest homologs were the human proteins to each other, and the closest zebrafish homolog was the alcohol dehydrogenase class-3 protein (NP_571924.2). However, this protein has a well-characterized human ortholog (NP_000662). Consequently, while some alcohol dehydrogenase proteins are conserved based on our current data, these three are lacking zebrafish homologs.
Zebrafish gene localization
Extensive analysis was done to define the embryonic and tissue-specific expression patterns of the ALDH2 zebrafish homolog genes using RT-PCR (Song et al. 2006) . Expression of both zebrafish homologs was detected as early as 2 hpf with expression also measured at 4, 8, 10, 24, Hum Genet (2012 ) 131:977-1008 48, and 72 hpf. The zebrafish gene, aldh2b, had uniformly high expression at all time points, while aldh2a had highly diminished expression at 8, 10, and 72 hpf. Tissue-specific adult expression was observed for both genes in the brain, eye, gill, heart, intestine, liver, muscle, ovary, pectoral fin, and swim bladder. However, in the caudal fin, only aldh2b was observed to be highly expressed (Song et al. 2006) . Independent characterization of the aldh2b gene expression using in situ hybridization revealed defined expression at 16 hpf in the eye and lens placode, at 19 hpf in the alar plate, midbrain epiphysis, lens vesicle, neural crest, optic tectum, and otic vesicle, and at 30-36 hpf in the diencephalon, eye, optic tectum, otic vesicle, pigment cell, retina, and YSL. Furthermore, between 42 and 48 hpf expression was noted in the diencephalon, epidermis, epiphysis, heart, liver, optic tectum, pancreas, pancreatic bud, pharyngeal arch, pigment cell and retina (Thisse et al. 2001) . Expression of the protein encoded by aldh2a as measured using western blot in adult zebrafish was shown to be highly expressed in muscle, heart, and brain. The protein was also shown to be expressed, to a lesser extent, in the eye, liver, and swim bladder. However, no protein expression was observed when tested in the skin, caudal fin, or gill (Lassen et al. 2005) . BDNF expression measured by in situ hybridization was observed as early as 16 hpf. Whole-body expression Fig. 3 Phylogenetic tree illustrating the sequence relationship of human and zebrafish proteins encoded by genes associated with alcohol dependence. Of the fourteen human genes, excluding the TLR out-group, nine have at least one zebrafish homolog. The genes ARC, CYP2E1, ADH1B, ADH1C, and ADH4 do not have known zebrafish homologs. The inclusion of the TLR2 and TLR4 out-group genes within the middle of the phylogenetic tree illustrates the disparate association between the genes identified as important in the genetics of alcohol dependence, in stark contrast to the tight association of genes associated with other drugs of abuse (i.e., nicotine). The only significant sub-clade structures in this analysis include the grouping of the GRIN2A and GRIN2B genes, and the grouping of the human ADH1B, AHD1C, and ADH4 genes continued to be observed up to 24 hpf, where localization of the expression became evident in the forebrain and hindbrain regions (Rauch et al. 2003) . Expression at 36 hpf exhibited more refined localization in the diencephalon, midbrain, rhombomere, tegmentum, and telencephalon (Rauch et al. 2003) . At 48 hpf, expression was noted in the cranial ganglion, lateral line system, neuromast, peripheral olfactory organ, retina, retina ganglion cell layer, and telencephalon . By 5 dpf, expression was observed in the brain, inner ear, and midbrain. Expression was further characterized in adult zebrafish using RT-PCR, with tissue-specific expression shown the brain, eye, gill, heart, integument, intestine, liver, and musculature (Heinrich and Pagtakhan 2004) .
Expression of npy has not been well described in the zebrafish, with only one report of whole-brain expression measured by RT-PCR (Piccinetti et al. 2010 ). The expression of crh, on the other hand, has been extensively studied in the zebrafish. Expression has been measured by RT-PCR from as early as 1 dpf, with transcript abundance steadily increasing to 5 dpf (Chandrasekar et al. 2007) . Localization is first noted by in situ hybridization in the hypothalamus at 25 hpf and persists through adulthood (Chandrasekar et al. 2007; Kurrasch et al. 2009; Lohr et al. 2009; Rios et al. 2011) . Between 28 and 32 hpf, expression is also noted in the ventral telencephalon (Chandrasekar et al. 2007; Lohr et al. 2009 ). By 36 hpf, expression is found in the thalamus (Chandrasekar et al. 2007) . At 2 dpf, expression is also observed in the retina, preoptic area, rostal medulla oblongata (Alderman and Bernier 2007). Expression is further noted in the loceus correlus and posterior tuberculum at 3 dpf. Finally, in adult zebrafish, expression is observed in all the developmental regions and the olfactory bulbs (Alderman and Bernier 2007).
CREB1 homolog creb1a expression levels in the zebrafish have been observed as early as 24 hpf with immune-blotting. Detailed immunohistochemical analysis of the adult zebrafish brain has shown that the creb1a encoded protein is expressed in all 16 known proliferation zones, the optic tract, the corpus cerebelli, the granular zone of the cerebellum, the crista cerebellaris, corpus mammilare, commisura ansulata and oculomotor nerve (Dworkin et al. 2007 ). There is no reported characterization of the creb1b homolog.
Expression of grin1a was measured in embryonic zebrafish using in situ hybridization and observed to be expressed at 24 hpf in the head and neural tube (Hwang et al. 2009 ). More detailed analysis revealed that at 24 and 48 hpf, grin1a was expressed in the forebrain, hindbrain, midbrain, spinal cord, and presumptive neural retina (Cox et al. 2005) . The second GRIN1 homolog, grin1b, had a more restrictive expression pattern, only being found in the forebrain at 24 hpf, and in the forebrain, hindbrain, and midbrain at 48 hpf (Cox et al. 2005) . Similar characterization of grin2a revealed its expression in the retina at 48 hpf but not at 24 hpf (Cox et al. 2005) . Analysis of grin2b in whole embryonic tissue by RT-PCR revealed its expression is more delayed, only appearing strongly by 96 hpf and then diminishing by 2 months post-fertilization (Cox et al. 2005) .
Expression of the glra1 transcript has been characterized in both embryonic and adult zebrafish. Within adult zebrafish brain, the glra1 gene was extensively characterized and shown to be expressed in several different nuclei (Imboden et al. 2001) . Within embryonic zebrafish, glra1 was characterized at 26, 50, 74, 98, and 122 hpf zebrafish, with measurable expression first noted at 50 hpf and increasing at each time point thereafter. Protein expression was also shown to occur in spinal neurons at 50 and 122 hpf zebrafish using IHC (Mongeon et al. 2008 ). Expression at 48 hpf but not 24 hpf of glra1 transcripts in the zebrafish spinal neurons was also shown by McDearmid et al. (2006) . Conversely, whole body RT-PCR showed that glra1 expression can be initially detected at 24 hpf, but at a significantly diminished level from what is observed at 48 hpf (Hirata et al. 2005) . The 24 hpf expression was further characterized by in situ hybridization and shown to occur in the putative hindbrain and spinal cord neurons. The glra1 is known to have multiple splice variants, which may explain the discrepancy in developmental time of first detected expression, however, characterization of the constitutive and at least one known splice-variant show expression detected by RT-PCR at 26 hpf, with increasing expression occurring at 52 hpf (Devignot et al. 2003) .
Opioid receptors
Societal impact
Heroin addiction is associated with significant morbidity and mortality; the past month heroin use prevalence in the (Manchikanti and Singh 2008) . Epidemiologic studies suggest that increased sales and use of greater quantities of prescription opioids is associated with an increased number of overdose fatalities (Hall et al. 2008; Paulozzi and Ryan 2006; Wysowski 2007) , which increased 91% between 1999 and 2002 . Despite decades of basic science and clinical research, an unmet clinical need exists for targeted clinical strategies aimed at the prevention and treatment of heroin and prescription opioid addiction. The threat posed by these drugs is significant with 23% of first time heroin users qualifying for a diagnosis of drug dependency (Durrant and Thakker 2003) . A further understanding of the genetics of the endogenous opioid system in animal models and humans could lead to the development of new pharmacological agents, which could improve the clinical outcomes of individuals with opiate addiction.
Human receptor biology
Opioids primarily act through three opioid receptors, the mu-opioid receptor (MORP), the kappa-opioid receptor (KORP), and the delta-opioid receptor (DORP), encoded by the human genes OPRM1, OPRK1, and OPRD1, respectively. A fourth receptor, the nociceptin receptor (NOP), is encoded by the human OPRL1 gene, but less is known regarding its physiologic role compared with the three ''classical'' opioid receptors. These are G-proteincoupled receptors that interact with heterotrimeric (G i /G o ) G-proteins (Dhawan et al. 1996) . Endogenous activation of MORP by b-endorphin, KORP by dynorphin, and DOPR by enkephalin and deltorphin result in increased potassium channel conductance, decreased calcium channel conductance, and inhibition of cyclic adenosine monophosphate production (Dhawan et al. 1996) . Efficacious exogenous ligands for these receptors include drugs like morphine and oxycodone for MORP and enadoline, butorphanol, nalbuphine, nalmefene, and pentazocine for KOPR. There are no exogenous agonists for DORP or NOP available for use in humans. The physiologic effects of opioid receptor activation include analgesia, dysphoria, water diuresis, and antipruritic effects. Activation may also modulate responses to other drugs of addiction. For example, KORP activation has been implicated in the mitigation of cocaine craving among individuals with cocaine addiction (Shippenberg et al. 2001) . Multiple genetic association studies have identified potentially informative variants modulating the receptor gene expression levels. Functionally, reduced levels of MOPR expression and signaling have been found to be associated with individual variations in heroin addiction (Bart et al. 2004; Drakenberg et al. 2006 ), responsiveness to systematically administered opioids (Chou et al. 2006; Reyes-Gibby et al. 2007; Sia et al. 2008) , and alterations in pain perception (Campa et al. 2008; Fillingim et al. 2005; Lotsch et al. 2009; Sia et al. 2008 ) in some, but not all, studies (Arias et al. 2006; Walter and Lotsch 2009 ). Variation in genes encoding for the three opioid receptors may also affect the interaction of these receptors with various addictive drugs. For instance, variants in the OPRK1 have been associated with opiate addiction (Gerra et al. 2007; Yuferov et al. 2004 ) and an increased risk of alcohol dependence (Xuei et al. 2006; Zhang et al. 2008) . There is conflicting evidence that variations in the OPRD1 gene are associated with heroin addiction and other drugs of addiction (Franke et al. 1999; Mayer et al. 1997; Xu et al. 2002; Zhang et al. 2008 ). An SNP in the OPRM1 (A118G) gene has been associated with differences in human smoking behavior, suggesting that opioid receptors can modify behavioral responses to nicotine (Ray et al. 2006 ).
Zebrafish receptor homology
The human opioid receptor genes are fully represented in the zebrafish genome (Table 1 ). There are single homologs for the human ORPM1, OPRK1, OPRL1 genes, and a pair of homologs for the human OPRD1 gene (Fig. 4) . There is an average of 72% (range 64-77%) identical residues between the human and zebrafish-encoded protein sequences, spanning an average of 87% (range 77-100%) of the human protein sequence. As shown in the phylogenetic tree, all zebrafish homologs pair closest with their respective human gene counterparts, when jointly analyzing all opioid receptor sequences The zebrafish orpd1a and oprd1b encoded proteins have a high degree of sequence similarity, with 73% identity over 97% of the sequence length. Despite this, studies have shown that the paralogs possess unique response profiles to receptors, agonists, and antagonists Pinal-Seoane et al. 2006) and as discussed below also show divergent expression patterns. This variability indicates that while the paralog sequences likely originated from a common gene, they appear to have evolved to perform unique functions.
Zebrafish receptor localization
The expression patterns (temporal and spatial) of the opioid receptor genes have been described at a high level of detail. RT-PCR quantification of whole embryo transcript abundance revealed oprm1 is initially expressed at 3 hpf. From that time forward through embryogenesis, the expression level varies, peaking at 22, 48, and 72 hpf (Sanchez-Simon and Rodríguez 2008). Expression at 24 hpf was further verified by RT-PCR and the encoded receptor shown to be functional by morpholino-induced gene knock-down and subsequent modifications in morphine modulated miRNA regulation (Sanchez-Simon et al. 2010) . In situ hybridization localized expression in 24 hpf embryos to multiple CNS structures, including the telencephalon, epiphysis, diencephalon, midbrain, pretectum, isthmus, cerebellum, and hindbrain. By 48 hpf, expression patterns changed and oprm1 expression was noted in the tegmentum, hypophysis, otic vesicle, and pectoral flipper. Expression in 2-weekold larvae confirmed continued expression of oprm1 in the CNS but noted an absence of expression in the olfactory epithelium (Bretaud et al. 2007 ). Expression of oprd1a and oprd1b were highly varied, with oprd1b expression patterns more closely resembling that of oprm1 than oprd1a. RT-PCR whole embryo quantitation revealed the first significant expression of either paralog at 22 hpf. opr1a demonstrated varied expression levels following 22 hpf, with high expression occurring again at 48 and 72 hpf. A similar but dampened overall expression profile was noted for oprd1b (Sanchez-Simon and Rodríguez 2008). In situ hybridization revealed 24 hpf oprd1b expression in the same regions as oprm1 and additional expression noted in the myotomes and spinal cord. At 48 hpf expression was observed in the telencephalon, diencephalon, midbrain, and swim bladder. oprd1a expression at 24 hpf was observed in the telencephalon, epiphysis, pretectum, and cerebellum. Expression at 30-36 hpf was detected in the hindbrain, spinal cord, and tegmentum , with expression at 48 hpf detected in the tegmentum, hypophysis, and ventral thalamus (Sanchez-Simon and Rodríguez 2008). Adult zebrafish expression of oprd1b as measured by in situ hybridization and revealed strong expression in the hypothalamus, periventricular layer of the optic tectum, and granular layer of the cerebellum (Pinal-Seoane et al. 2006) . Expression of oprk1 was first detected by RT-PCR in embryonic zebrafish at 48 hpf, with the highest expression observed in adult fish. However, it is important to note that the overall expression levels were two orders of magnitude lower than that observed for oprm1, oprd1a, and oprd1b. Attempts to localize expression in embryonic zebrafish using in situ hybridization failed, likely owning to the low expression levels (Sanchez-Simon and Rodríguez 2008). In situ hybridization analysis of adult fish revealed high levels of expression in dorsal telencephalic areas, epithalamus, hypothalamic recess nuclei, periventricular layer of the optic tectum, granular layer of the cerebellum, reticular formation, and the facial lobe. Expression at lower levels was also observed in the olfactory bulb, vagal lobe, octavolateral area, and spinal cord ).
Downstream neurotransmitter signaling systems
Neurotransmitter systems such as the dopamine, serotonin, adrenoreceptor, and GABA system have a facilitating or permissive role in the function of drug addiction. Neurotransmitter receptors of these systems are expressed in neurons that are directly targeted by drugs of addiction or are involved in the control of directly targeted neurons.
Dopamine system
In mammalian and human brains, dopamine (DA) is the main neurotransmitter of the reward circuit formed by neurons projecting from the ventral tegmental area (VTA) to the nucleus accumbens (NAcc) (Schultz 1998 (Schultz , 2010 . The four main functional DA elements of neurons are the dopamine receptors, dopamine transporters, rate-limiting enzymes of the DA metabolic pathway such as tyrosine hydroxylase (TH), and the dopamine catabolic enzyme monoamine oxidase (MAO). Most DA receptors and the DA transporter (DAT) have been associated with addiction. In mammals and humans, activation of the D2 receptors will down-regulate the cAMP concentration in cells Fig. 4 Phylogenetic tree illustrating the sequence relationship of human and zebrafish proteins encoded by genes associated with opioid use. The four human opioid receptor genes all have at least one zebrafish ortholog. All branching points in this tree structure are significant ([50% Bootstrapping). The TLR2 and TLR4 gene out-groups illustrate the tight association of the opioid receptor genes, relative to other known human-zebrafish orthologs (Civelli et al. 1993; Monsma et al. 1990 ; O'Dowd 1993). There are two proteins commonly used to distinguish DA neurons in nervous systems, the tyrosine hydroxylase (TH), and the dopamine transporter (DAT) genes. While tyrosine hydroxylase is a marker for catecholaminergic neurons, the availability of antibodies for the use in the zebrafish produced a detailed expression map of the protein in comparison with neurotransmitter systems for serotonin, histamine, and orexin (Guo et al. 1999; Holzschuh et al. 2001; Kaslin et al. 2004 ). The DAT is both a specific marker for DA neuron labeling and the target of cocaine that affects the reuptake of DA and ultimately leads to an increase in extracellular DA levels.
Human and zebrafish homology
All four human dopamine receptor genes (DRD1-4), the dopamine transporters (SLC6A2-3), and associated rate limiting enzymes dopamine beta-hydroxylase (DBH) and TH have zebrafish orthologs (Fig. 5) . DRD1, DRD3, DBH, SLC6A2, and SLC6A3 have a single zebrafish ortholog. Conversely, TH, DRD2, and DRD4 have a pair of homologs. The average protein sequence identity between homologs is 68% (range 58-80%) covering an average of 89% (range 62-99%) of the human protein sequence ( Table 2) . Comparison of homologs within the context of all eight dopamine related genes resulted in a complete closest association of the zebrafish genes with the respective human homologs (Fig. 5) .
Zebrafish neurotransmitter localization
In the zebrafish, dopaminergic neurons are organized in at least 13 different neuron clusters throughout the brain (Panula et al. 2010 ). The neurons most relevant to drug addiction are the DA neurons of the reward pathway that are located in the VTA (mammalian brain region A10) of the mesencephalon (midbrain) and that produce ascending projections to the NAcc that is located in the striatum in the telencephalon (Corbett and Wise 1980) . While the neuroanatomy of the catecholamine/dopamine system in vertebrate animals is somewhat conserved, the identification of homologous DA neuron clusters in zebrafish as compared to mammals is a challenge both from a clinical and Fig. 5 Phylogenetic tree illustrating the sequence relationship of human and zebrafish proteins encoded by genes associated with downstream dopamine signaling. The eight human nonout-group genes have at least one zebrafish ortholog. All branching points in this tree structure are significant ([50% Bootstrapping). The TLR2 and TLR4 gene out-groups, again illustrate the tight association of the identified genes associated with dopamine signaling HTR3C n/a NP_570126.2 n/a n/a n/a n/a HTR3D n/a NP_001138615.1 n/a n/a n/a n/a HTR3E n/a NP_872395.2 n/a n/a n/a n/a HTR4 evolutionary standpoint. The main difference between the zebrafish and the mammalian system is that the mesencephalic DA neurons, including neurons of the VTA and the substantia nigra (SN), are not found in the zebrafish brain (Mahler et al. 2010 ). In the context of addiction, there has been no clear identification of the brain region in the zebrafish that is homologous to the VTA. Rink and Wullimann (2001) have traced axons from the posterior tuberculum to the subpallium, a region that is homologous to the mammalian and human striatum, thus making the posterior tuberculum/basal diencephalon, a candidate region in which homologous VTA-like DA neurons are located. While the identification of the zebrafish brain region that is homologous to the mammalian VTA is controversial, the posterior tuberculum in the diencephalon just ventral to the mesencephalon is the main candidate region.
To describe the neuroanatomical organization of DA neurons, a genetic labeling approach has been developed in which a catecholamine neuron-specific transcription factor is targeted for driving the expression of Green Fluorescent Protein (Tay et al. 2011 ). This study demonstrates the power of genetic tools that are available for the zebrafish system; for the first time the entire system of DA neurons has been labeled in an entire vertebrate brain. The expression of the reporter gene provides stunning neuroanatomical details of single neurons and shows neurons of the posterior tuberculum with projections ascending to the subpallium/telencephalon in the larval brain. Similar ascending projection patterns of tubercular neurons were obtained earlier using immunocytochemical and dye tracing methods in adult zebrafish Wullimann 2001, 2002a, b) . In addition, similar to mammalian midbrain DA neurons, TH1 immunoreactive neurons of the posterior tuberculum express the transcription factor NR4A2. In situ hybridization experiments show that the NR4A2 transcript is expressed in at least subset of TH1 immunoreactive neurons in the posterior tuberculum (Blin et al. 2008; Filippi et al. 2007 ). Since only a subset of neurons of the posterior tuberculum project to the subpallium (Tay et al. 2011 ) and since NR4A2b has been detected in a subset of neurons in the posterior tuberculum (Blin et al. 2008) it is possible that a subset of neurons in the posterior tuberculum is homologous to mesencephalic DA neurons in the VTA of mammals. n/a adra2da n/a NP_919345.2 n/a n/a n/a n/a adra2db n/a NP_919346.1 n/a n/a n/a ADRB1 The expression of the zebrafish DA receptor and associated genes has been well described. The zebrafish drd1, drd2a, drd2b, drd2c, drd3, and drd4b genes show the strongest expression in the tegmentum or diencephalon. The expression of the zebrafish D1 receptor (drd1) gene has been detected in the mid-embryo stage at 30 hpf. At this time, the gene is expressed in the brain (diencephalon, hindbrain) ). In late embryonic stages (48 hpf), the gene expression is detectable in the hypothalamus and has spread within the hindbrain. Cells in the retina show expression in larval zebrafish (120 hpf) . While the expression of drd1 in the diencephalon, hindbrain, hypothalamus, and retina is similar to the expression pattern in mammals, no expression of drd1 has been described in the zebrafish olfactory bulb, which shows strong expression in mammals Mansour et al. 1990; Monsma et al. 1990; Nguyen-Legros et al. 1999) . In situ hybridization experiments showed that all three DRD2 receptor gene homologs, drd2a, drd2b and drd2c are expressed in specific brain region such as the diencephalon, the tegmentum, and the hindbrain (Boehmler et al. 2004) . The drd2c receptor is more diffusely expressed throughout the brain and spinal cord, whereas the drd2a and drd2b genes are expressed in the epiphysis. Overall, the expression pattern of zebrafish drd2 receptors is similar to the expression pattern of DRD2 receptors in mammals. The drd3 receptor is expressed more diffusely throughout the nervous system in the spinal cord and brain in the embryonic stage (Boehmler et al. 2004) . Later in larvae, the expression pattern is more specific in the telencephalon, the tegmentum, and the hindbrain as shown by in situ hybridization experiments. In addition, the retina contains cells that are labeled with probes for the drd3 receptor. The expression of the drd4a gene has been detected as early as 24 hpf when expression is found in the epiphysis and the spinal cord (Boehmler et al. 2007 ). Later in development, the expression is detectable by in situ hybridization in the telencephalon, the diencephalon, and the hindbrain. The drd4b gene is described as being expressed in the telencephalon, the diencephalon, the tegmentum, the adenohypophysis, and the otic vesicle from 24 hpf. Branchial arches also show expression of the drd4a gene early. More expression of the gene is found in the spinal cord in 5 dpf larvae. Compared to the drd4a and drd4c genes, drd4b seems to be more prominently expressed in specific brain regions in the diencephalon and tegmentum than the drd4a and drd4c genes. The drd4c gene is not strongly expressed in the brain of zebrafish embryos and larvae. At 24 hpf, the diencephalon and spinal cord are the only regions of the central nervous system that show labeling via in situ hybridization experiments. In mid-embryonic stages, additional expression has been reported in cranial ganglia and the branchial arch. At 48 hpf, expression becomes more diffuse, and at 5 dpf expression seems to be limited mainly to the photoreceptor layer of the retina.
Expression of the zebrafish slc6a3 gene matches the expression of TH-positive cells in 13 identified DA neuron clusters (Holzschuh et al. 2001) . The expression of the dat gene is detected as early as 24 hpf in the diencephalon. As development continues, slc6a3 expression is also detected in the olfactory bulb, the pre-tectum, the locus coeruleus, the hindbrain, the retina, and the optic nerve. The TH gene (th1) is widely expressed in the brain and spinal cord of zebrafish embryos and larvae. As demonstrated by Chen et al. (2009b) in a comparative study, the expression of the second TH gene (th2) is restricted to the hypothalamus. Expression of th1 can be detected in the diencephalon as early as 18 hpf and at 20 hpf also in the locus coeruleus and branchial arch associated neurons (Holzschuh et al. 2001 ). Later at 72 hpf, expression is also detectable in the olfactory bulbs, the pretectum, and the hindbrain. While the th1 gene expression is abundant, the expression of the th2 gene in the brain is restricted to the pretectum and the hypothalamus, as well as the liver (Chen et al. 2009b ).
Serotonin system (5-HT)
Serotonin has been widely recognized to have a strong influence on impulse control, and genetic variation in the biosynthesis, metabolism, and receptor function may have an influence on the development of addiction. For example, serotonin biosynthesis is regulated by the rate-limiting enzyme tryptophan hydroxylase, encoded by two genes, which have been associated with heroin addiction (Nielsen et al. 2008) . In zebrafish, the system of 5-hydroxytryptamine (5-HT) immunoreactive neurons has been mapped in the developing and the adult zebrafish brain and shows similarities to the mammalian and human 5-HT system, but contains additional groups of 5-HT immunoreactive neurons (Panula et al. 2010) .
The specificity of 5-HT actions is mediated by different 5-HT receptor types in pre-and postsynaptic sites in the central nervous system. The zebrafish 5-HT receptor system is similar to the mammalian and human 5-HT receptor system. The superfamily of vertebrate 5-HT receptors is divided into seven different 5-HT receptor families that together contain at least fourteen different 5-HT receptors (Hannon and Hoyer 2008; Hoyer et al. 2002) . With the exception of the 5-HT3 receptor family, all receptors are G-proteins coupled receptors. Activation of 5-HT1 and 5-HT5 receptors ultimately lowers the levels of cAMP in neurons, whereas activation of 5-HT4, 5-HT6, and 5-HT7 receptors increases the cAMP levels in neurons. The 5-HT2 receptors activate the phospholipase C (PLC) pathway and increase the Ca 2? levels in cells. Similar to nAChR, receptors of the 5-HT3 family form pentameric cation selective channels that are conducting Na ? , K ? and Ca 2?
ions (Walstab et al. 2010) . Within the zebrafish genome, ten 5-HT receptor genes have been predicted and six genes have been characterized experimentally. The role of individual 5-HT receptors in mammals and humans has been reviewed by Hayes and Greenshaw (2011) . We highlight examples of 5-HT receptor function in disease and addiction. There is some indication that 5-HT1A, 5-HT2C, 5-HT3 and 5-HT6 receptors have direct effects on reward-related behaviors, whereas the function of 5-HT1B, 5-HT2A, 5-HT2B, 5-HT4, 5-HT5, 5-HT6, and 5-HT7 is little known or not clearly associated with reward-related behaviors. The 5-HT2A and 5-HT2B receptors have clinical relevance since the 5-HT2A receptor has been associated with mental disorders such as schizophrenia and the 5-HT2B receptor with heart and heart-valve development. 5-HT3 receptors have an important clinical relevance, mostly because the 5-HT3B receptor antagonists are used as anti-emetics in chemotherapy patients (Cunningham et al. 1987) . Recently, the 5-HT3 receptor has been linked to alcohol consumption (Enoch et al. 2010 ). The 5-HT5A receptor has not been studied as intensively as other 5-HT receptors but the predicted function in regulation of mood, cognitive, and circadian rhythms is based on expression patterns in mammalian brains (Thomas 2006) . A genetic link of the human 5-HT5A receptor gene to schizophrenia is controversial (Veenstra-VanderWeele et al. 2000) . The 5-HT transporter (5-HTT) is a protein of major clinical importance since it is a target of drugs used to treat depression. The 5-HTT is found in presynaptic endings of serotonergic neurons where its function is the re-uptake of released 5-HT. Thus, the protein terminates the activation of 5-HT receptors on postsynaptic sites and recycles 5-HT. A critical gene product of the 5-HT system is the enzyme tryptophan hydroxylase (TH) (Dresen et al. 2010 ) that catalyzes the rate limiting step of the 5-HT synthesis (Chen et al. 2009b) . Within the 5-HT system, the breakdown of 5-HT is controlled by the enzyme monoamine oxidase.
Human and zebrafish homology
The genes identified in the zebrafish genome match the organization of 5-HT receptors in the human genome closely. While all seven 5-HT receptor types have been identified in zebrafish, there are differences in the set of receptors within families due to gene duplication. Two genes (ht1aa, ht1ab) have been identified, sequenced and mapped as zebrafish homologs of the 5-HT1A receptor (HTR1A) ). Additionally, a third zebrafish 5-HT1 receptor gene has been designated as 5-HT1bd, because of the similarity to both the human 5-HT1B receptor (HTR1B) and 5-HT1D receptor (HTR1D) . However, in our analysis, this receptor-encoded protein more closely matches the human protein HTR1D than it does HTR1B. The 5-HT5A receptor (HTR5A) and 5-HT5B receptor (HTR5B) form the 5-HT5 receptor family, but only the 5-HT5A receptor is a functional receptor, whereas the 5-HT5B receptor transcript contains stop codons that lead to a non-functional protein (Thomas 2006) . The zebrafish homolog of the non-functional 5-HT5B has not been defined. In addition, homologs of the HTR3C, HTR3D, and HTR3E genes have not been identified in zebrafish. Overall, the encoded zebrafish proteins have an average of 69% (range 48-81%) identity to the human proteins, covering an average of 90% (range 73-99%) of the human sequence (Table 2 ). This is nearly identical to the values observed for the dopaminergic proteins. Comparison of homologs within the context of all 23 serotonin-related genes resulted in a complete closest association of the zebrafish genes with the respective human homologs (Fig. 6) .
Zebrafish neurotransmitter localization
The anatomical organization of serotonin (5-HT) neurons in the zebrafish brain shows some similarities with the organization of 5-HT neurons in the mammalian brain (Bellipanni et al. 2002; Jacobs and Azmitia 1992; Panula et al. 2010; Steinbusch 1981; Steinbusch and Nieuwenhuys 1981; Törk 1990 ). In the zebrafish, 5-HT neurons are found in the raphe nuclei and additional brain regions. A total of nine clusters have been described in zebrafish using antibodies against 5-HT and antisense probes for the serotonin transporter and tryptophan hydroxylase 2 mRNA (Bellipanni et al. 2002; Kaslin and Panula 2001; Lillesaar et al. 2007; McLean and Fetcho 2004a, b; Rink and Guo 2004) . The most prominent immunostaining of 5-HT neurons occurs in the hypothalamus/paraventricular organ (clusters 2-4). In comparison, the dorsal raphe neurons (clusters 5-7) are relatively weakly labeled. The anteriormost cluster (cluster 1) is found in the pretectum/thalamus. 5-HT immunoreactive neurons in rostral clusters (1-7) have ascending projections that spread widely throughout the brain, while the posterior clusters (8, 9) project into the spinal cord.
Unprecedented labeling of projections of serotonergic neurons in the superior and inferior raphe (clusters 5-7) of the zebrafish brain was achieved using a transgenic approach (Lillesaar et al. 2009 ). The promoter of pet1, a transcription factor gene expressed in serotonergic raphe neurons in rodents (Pfaar et al. 2002; Scott et al. 2005) , was utilized to drive the expression of GFP in serotonergic neurons. Other zebrafish 5-HT neurons such as the prominent cluster in the hypothalamus (clusters 2-4) did not express GFP in this transgenic zebrafish line. The genetic Fig. 6 Phylogenetic tree illustrating the sequence relationship of human and zebrafish proteins encoded by genes associated with downstream serotonin signaling. There are three of the 22 human genes lacking a defined zebrafish homolog, including HTR3C, HTR3D, and HTR3E. In addition, the human MAOA and MAOB genes share a single zebrafish homolog (mao). The significance of the sub-clade structures varies, with some significant groups (i.e., HTR1B, HTR1D, HTR1E, and HTR1F genes), but not all branch points are significant. The TLR2 and TLR4 gene out-groups, again illustrate the tight association of the identified genes associated with serotonin signaling Hum Genet (2012) 131:977-1008 995 approach lead to the identification of a new cluster of previously overlooked zebrafish 5-HT neurons located in the ventro-lateral region of the hindbrain in close proximity to the raphe nuclei. Projections from the ventro-lateral region aim specifically to the general region of the posterior tuberculum, which is potentially homologous/analogous to the dopaminergic VTA of mammals. In the transgenic zebrafish line, neurons of the ventral region of the superior raphe project to the hypothalamus, whereas neurons of the anterior region of the superior raphe project to the telencephalon. Expression maps generated by in situ hybridization show that ht1aa is expressed broadly in the zebrafish brain, whereas ht1ab expression is limited to the diencephalic and mesencephalic areas of the caudal hypothalamus, the preoptic area and the 1st rhombomere of the myelencephalon ). The 5-HT1bd gene is diffusely expressed in 3 dpf zebrafish larvae and shows a more defined expression pattern in the adult brain and is primarily found in the periventricular area of the telencephalon, the thalamus, the habenula, the preoptic area, the posterior periventricular areas, and the hypothalamus . In midembryonic stages, in situ hybridization shows expression of the 5-HT2C receptor gene primarily in the brain and the spinal cord (H. Schneider, unpublished observations). The 5-HT2C receptor is known for its RNA editing that affects the cell signaling of the receptor. Certain RNA edited forms of the 5-HT2C receptor mRNA have been linked to depression (Burns et al. 1997; Sanders-Bush et al. 2003) . In the zebrafish brain, 5-HTT gene (slc6a4a) transcripts are localized in a pretectal diencephalic cell cluster and the raphe nuclei. In situ hybridization shows also expression in the anterior pharynx . A critical gene of the 5-HT system is the enzyme tryptophan hydroxylase (tph) which catalyzes the rate-limiting step of the 5-HT synthesis (Chen et al. 2009c) . The tph2 ortholog is the only zebrafish tph gene that is expressed in raphe nuclei where serotonergic neurons are found. The human gene TPH1 has two homologs in the zebrafish genome. The tph1a gene is expressed in 5-HT immunoreactive neurons in the epiphysis, the preoptic area, ventral to the posterior tuberculum and the posterior hypothalamus. The tph1b gene is only transiently expressed in an early embryonic stage (32 hpf) in the preoptic area (Chen et al. 2009b) . The zebrafish homolog of MAO is expressed in and near areas in the adult zebrafish brain in which serotonergic neurons are found (Sallinen et al. 2009 ). The expression pattern for the remaining serotonin-related genes has not yet been characterized in the zebrafish.
GABA c-aminobutyric acid is the primary inhibitory neurotransmitter in the mammalian central nervous system and plays a role in neuronal excitability and muscle tone. GABA neurons are in the mesolimbic dopamine system and play a role in the regulation of the reinforcement of drugs of abuse (Li et al. 2009 ). GABA acts through two types of receptors. GABA A receptors are ligand-gated ion channel receptors that consist primarily of alpha, beta, gamma and delta subunits, but epsilon, theta, pi, and rho subunits exist as well . GABA B receptors are seven transmembrane G protein-coupled receptors consisting of two subunits, GABAB1 and GA-BAB2. GABA receptors have binding sites for GABA as well as drugs such as benzodiazepines and barbiturates. The extrasynaptic delta subunit of the GABA A receptor is sensitive to ethanol and is enhanced at concentrations consistent with human consumption (Meera et al. 2010) , and there have been two putative binding sites described for the ethanol antagonist Ro 15-4513 at the gamma2 and delta subunits (Hanchar et al. 2006; Linden et al. 2011) . Rat studies have suggested that ethanol has a modulation effect on the GABA A receptor a1 and a5 subunits decreasing their expression in the cerebral cortex and cerebellum following ethanol exposure in rats (Charlton et al. 1997) .
The GABA A receptors are ionotropic and selectively conduct Cl -through their pores when activated by their ligand GABA. This normally has an inhibitory effect by decreasing the likelihood of an action potential in the neuron. The GABA A receptor specificity is determined by the combination of five subunits creating the ion channel. The most common human GABA A receptor subunits include six a, three b and three c that come together in a pentamer typically consisting of two a's, two b's and one c . Additionally, there is a GABA A receptor associated protein (GABARAP) that is important for clustering neurotransmitter receptors through interaction with the cytoskeleton and may play an important role in addiction studies as well (Luo et al. 2006; Mohrlüder et al. 2009 ). The GABA B receptors are metabotropic receptors that signal to open potassium channels via G proteins when GABA is bound and inhibits neurotransmitter release. The two subunits of the GABA B receptor, GABAB1 and GABAB2, form obligate heterodimers (Pinard et al. 2010; Vlachou and Markou 2010) .
The GABA a1 subunit had decreased expression in the VTA and hippocampus, but the a5 subunit had increased expression in the hippocampus after treatment with ethanol (Charlton et al. 1997) . A human and a rat study both showed a decrease expression of the GABA A receptor subunit gene GABRB2 following chronic ethanol exposure in the frontal cortex and NAcc, respectively (Lewohl et al. 2000; Rodd et al. 2008) . Although with mixed results, association studies in humans have indicated polymorphisms in the GABA A receptor genes may be associated with an increased risk of alcohol dependence including the genes GABRA2, GABRA5, GABRA6, GABRB1, GABRB2, GABRB3, GABRG2 and GABRG3 (Dick et al. 2005 Edenberg et al. 2004; Edenberg and Foroud 2006; Parsian and Zhang 1999; Radel et al. 2005; Reck et al. 2005; Sander et al. 1999; Sieh et al. 2005; Song et al. 2003; Zhang et al. 2005) . Similarly in studies of nicotine addiction, polymorphisms in GABRA2, GABRA4, GABARAP, GABBR1 and GABBR2 genes may be associated with an increased risk of nicotine dependence (Agrawal et al. 2009; Li et al. 2009; Lou et al. 2007 ). Additionally GABA B receptor agonists, such as baclofen, have had promising results for the treatment of addiction to several classes of drugs of abuse (Tyacke et al. 2010) . Notably, a zebrafish study has supporting evidence for GABA B receptor involvement in the nicotine response (Petzold et al. 2009 ). Associations with GABRG2 and heroin dependence have been detected in a Chinese male population as well (Loh et al. 2007 ). The GABA A receptor is also implicated in addiction to benzodiazepines as they have a well described binding site on the receptor that confers its anxiolytic effects (Tan et al. 2011 ).
Human and zebrafish homology
The full complement of GABA A receptor genes, GABA B receptor genes, and the GABA A receptor-associated protein-encoding gene are represented in the zebrafish. Single homologs exist for GABA A receptors a1, a4, a5, b1, b2, b3, c1, c2, and c3, as well as GABA B receptor 2, and the GABA-A receptor-associated protein genes. A pair of homologs in the zebrafish is present for the GABA A receptors a2 and a6, as well as GABA B receptor 1 genes (Fig. 7) . The average percentage of identical residues between encoded proteins for the GABA genes is 81% (range 60-98%) covering an average of 93% (range 70-100%) of the human protein sequence (Table 2) . Comparison of the complete set of GABA genes reveals separate clustering of the GABA B receptor genes with the GABA-A receptor-associated protein, the GABA A c-genes, and the GABA A b-genes. The GABA A a-genes split into two clusters, with a1, a2, and a5 clustering together and a4 and a6 clustering together. There are several instances where the strict mapping between homologs is not apparent in the phylogenetic tree. The paralogs, gabra6a and gabra6b, are discordantly located within the tree. The gabra6b is tightly associated with the human homolog, GABRA6; however, gabra6a is more distantly associated with these homologs. Within the GABA A -b clade, the associations of the b1, b2, and b3 homologs are non-congruent, with the zebrafish gabrb2 more closely associated with the human GABRB1 and GABRB3, than the corresponding zebrafish homologs (Fig. 7) .
Zebrafish neurotransmitter localization
The zebrafish GABA-immunoreactive neurons have been described in the developing larvae in the telencephalon, diencephalons, midbrain, hypothalamus, forebrain, hindbrain and the spinal cord (Doldan et al. 1999) as well as the adult in the olfactory bulb, telencephalon, tectum stratum and hypothalamus (Kim et al. 2004 ) and has also been well described in the retina (Doldan et al. 1999; Sandell et al. 1994) . GABAergic neurons have been described throughout the cerebellar corpus, valve, and vestibulolateral lobe and the expression patterns appear to be conserved between fish and mammals (Delgado and Schmachtenberg 2008) . Evidence supports the inhibitory role of GABA in the zebrafish as well (Kim et al. 2004) .
The zebrafish expression pattern of a subset of the GABA receptor genes has been reported. The gabra1 (GABA A receptor subunit a1) in the adult zebrafish has been observed in the cerebellum, cranial ganglion, granular layer corpus cerebelli, granular layer valvula cerebelli, medial caudal lobe, molecular layer corpus cerebelli, and molecular layer valvula cerebella. It is expressed throughout the cerebellum of the zebrafish in a pattern similar to the mammalian cerebellar cortex (Delgado and Schmachtenberg 2008) . The gabra6a (GABA A receptor subunit a6a) is expressed at 42-46 hpf in the ventral and proximal parts of the photoreceptor cell layer, and at 5 dpf it is observed in the photoreceptor cell layer of retina . The gabra6b (GABA A receptor subunit a6b) is expressed at 7-13 dpf in the cerebellum and granule cell and from 7 dpf through adult in the granular eminence, granular layer corpus cerebelli, granule cell and medial caudal lobe (Volkmann et al. 2008) . gabarapa (GABA A receptor associated protein a) is expressed at 24-72 hpf in the forebrain, hindbrain, rhombomere and telencephalon (Komoike et al. 2010) . gabbr1a (GABA B receptor subunit 1a) is expressed in adult zebrafish in the cerebellum, cranial ganglion dendrite, cranial ganglion neuronal cell body, granular layer corpus cerebelli, granular layer valvula cerebelli, interneuron cell projection, medial valvula cerebelli, molecular layer corpus cerebelli, molecular layer valvula cerebella and vestibulolateralis lobe. It is expressed in a pattern similar to the mammalian cerebellar cortex (Delgado and Schmachtenberg 2008) . The remaining GABA genes (gabra3, gabra5, gabrb2, gabrb3, gabrg3, and gabbr1b) lack reported expression pattern information in the zebrafish.
Adrenoreceptor system
The noradrenergic system has gained attention for the treatment of addiction as a target for reducing stress-related behavior during withdrawal. The action of the Hum Genet (2012 ) 131:977-1008 neurotransmitter noradenaline on addiction-related behavior has been the focus of investigations concerning stressinduced drug-seeking behavior and sensitization. For example, clonidine, an alpha2 adrenoreceptor agonist is used for the treatment of opioid withdrawal symptoms (Gonzalez et al. 2002) and alpha1B receptors are involved in the sensitization in the prefrontal cortex in mammals (Tassin 2008) . The alpha1 receptors are best known for their regulation of smooth muscle contraction in the vasculature and contraction of smooth muscles in the gastrointestinal tract in mammals. All adrenoreceptors are seven transmembrane G-protein coupled receptors with principal transduction mediated by Gq/11 for alpha1, by Gi/o for alpha2, and by Gs for beta adrenoreceptors (Alexander et al. 2008) . In contrast to the alpha2 and beta adrenoreceptors, alpha1 receptor proteins activate the PLC second messenger pathway and regulate intracellular calcium levels in smooth muscles. Anatomical, physiological, and behavioral data link adrenoreceptors to addiction. In mammals, noradrenergic neurons of the locus coeruleus innervate the VTA and the prefrontal cortex (Tassin 2008) . Clonidine, a alpha2 adrenoreceptor agonist is used for the treatment of opioid Fig. 7 Phylogenetic tree illustrating the sequence relationship of human and zebrafish proteins encoded by genes associated with downstream GABA signaling. The fourteen human GABA associated genes each have at least one zebrafish homolog. Interestingly, there is some evidence that the zebrafish gene gabra6a, the second homolog of the human gene GABRA6, is much more distantly related to this gene, than the gabra6b homolog. It is also interesting to note that the GABRB1, GABRB2, and GABRB3 genes are all closely related and the exact association of these genes with their respective homologs can not be distinguished in this tree structure with statistical certainty ([50% Bootstrapping). The TLR2 and TLR4 gene out-groups, again illustrate the tight association of the identified genes associated with GABA signaling withdrawal symptoms (Gonzalez et al. 2002) and alpha1B receptors are involved in the sensitization in the prefrontal cortex in mammals (Tassin 2008) . The alpha1 receptors are best known for their regulation of smooth muscle contraction in the vasculature and contraction of smooth muscles in the gastrointestinal tract in mammals. In contrast to the alpha2 and beta adrenoreceptors, the alpha1 receptor proteins activate the phospholipase C second messenger pathway and regulate intracellular calcium levels in smooth muscles.
Human and zebrafish homology
In zebrafish, homologs to all human adrenoreceptors, including the alpha1 receptor genes (ADRA1A, ADRA1B, ADRA1D), the alpha2 receptor genes (ADRA2A, ADRA2B, ADRA2C), and the beta receptor genes (ADRB1, ADRB2, ADRB3), have been identified ( Fig. 8 ; Table 2 ). Duplication of single adrenoreceptor genes has occurred in the zebrafish so that 15 adrenoreceptor genes are known in zebrafish compared to nine in the human genome (Ruuskanen et al. 2004; Wang et al. 2009 ). However, the endophenotypes of zebrafish adrenoreceptors and the role of adrenoreceptors in the biology of addictive drugs in zebrafish is unknown. The zebrafish alpha1 receptors are the least characterized of the five different adrenoreceptor types (alpha1, alpha2, beta1, beta2, and beta3). The three alpha1 receptor types (alpha1A, alpha1B, and alpha1D) have been located in the zebrafish genome. For each human receptor gene there is one ortholog in the zebrafish genome, with the exception of the alpha1b for which two zebrafish genes have been predicted. Homologs of the three human alpha2 adrenoreceptor types (alpha2 A, B, and C) are also found in the zebrafish genome (Ruuskanen et al. 2005) . In addition, the zebrafish genome contains two additional forms of the alpha2D receptor type that are not found in the human genome (Ruuskanen et al. 2004) . The 2B gene is present in two forms the alpha2Ba and the alpha2Bb. Similar to the alpha2 adrenergic receptor system in zebrafish, five beta-adrenergic receptor genes have been identified in the zebrafish: beta1, beta2a, beta2b, beta3a, and beta3b ).
Zebrafish neurotransmitter localization
The noradrenergic neurons in zebrafish are organized in four neuron clusters in the diencephalon (posterior tuberal nucleus, 12), and the brain stem (locus coeruleus, internal reticular formation and vagal lobe) (review: Panula et al. 2010 ). Expression of all five different alpha2 receptor genes has been observed in adult zebrafish brain regions (Ruuskanen et al. 2005) and in larvae as early as 50 hpf. Strong expression has been reported for the 2A and 2B
forms. In situ hybridization shows strong signal of the alpha2A gene in the adult telencephalon and the optic tectum, but not in the diencephalon and the hindbrain (Ruuskanen et al. 2005) . In contrast, the alpha2C receptor gene has been described as the only alpha2 receptor gene with expression in the diencephalon in the adult zebrafish brain (Ruuskanen et al. 2004 ). Alpha2Ba expression is localized in the hypothalamus in the adult zebrafish brain (Ruuskanen et al. 2005) . Like the 2C receptor, the 2Da receptor gene is expressed in the optic tectum of the adult zebrafish brain. The expression of the 2Db receptor is unknown. Two beta adrenoreceptors, the beta1 and beta2a are expressed in the zebrafish brain. The other beta adrenoreceptors are mainly expressed in organs such as muscle, pancreas and liver (beta2b) and blood (beta3) ). Most zebrafish alpha2 receptor expression is found in other organs such as kidney, muscle and ovary. No gene expression studies have been performed in zebrafish for alpha1 adrenoreceptors.
Discussion and conclusion
Advancement of our understanding of the complex nature of addiction and the development of improved methods for the treatment of addiction may require the focused study of addiction-related endophenotypes using model organisms. In recent years, the use of zebrafish to study the behavioral response to drugs of addiction has increased. Many advantageous characteristics of zebrafish exist enabling efficient and innovative research. The progression of these studies beyond behavioral response and into the identification and characterization of genetic factors influencing the onset and treatment of addiction holds promise. Here we have provided a detailed description of genes mechanistically influencing four drugs of addiction and four associated neurotransmitter pathways, highlighting the high level of homology between the species. While this review was restricted to eight target groups, the absence of data addressing other forms of drug addiction and other neurotransmitter pathways implicated in addiction response does not suggest a lack of suitability for using the zebrafish to study these areas. Homologues may and likely do exist to many other known and emerging genes associated with addiction. However, the information presented in this review may help investigators capitalize on opportunities to modify zebrafish drug response in the development new drug therapies to counteract drug reinforcement. Zebrafish drug response and the pharmacologic attenuation of drug response may allow us to explore human drug response endophenotypes, which could lead to significant advances in the treatment of drug abuse and dependence.
Hum Genet (2012 Genet ( ) 131:977-1008 One major benefit of using zebrafish as a model organism is the ease with which genetic features can be manipulated. The ability to obtain a mutation in a specific gene of interest in the zebrafish has been greatly facilitated by new molecular genetic tools. For example, re-sequencing zebrafish after chemical mutagenesis is being actively pursued by the Sanger Center with plans to generate likely null alleles in all zebrafish protein-encoding genes (Zebrafish Mutation Project). This is an open resource with 1,627 genes mutated as of July 21, 2011. Alternatively, targeted gene knockouts have been generated by custom restriction enzymes, including zinc finger nucleases (ZFNs) (Doyon et al. 2008; Foley et al. 2009; Meng et al. 2008 ). In addition, TAL effector-based nucleases are an extremely promising alternative to ZFNs for germline-based gene knockouts in animal models such as zebrafish (Huang et al. 2011) . Finally, insertional mutagenesis approaches are providing an array of additional, molecularly characterized alleles such as those using a retrovirus (Jao et al. 2008) or Tol2 transposons (Clark et al. 2011a; Kawakami et al. 2010 ).
The zebrafish model system provides a rich platform with which to explore how drugs of addiction influence neurotransmitter systems. Zebrafish drug response could be used to qualitatively and quantitatively explore drug response endophenotypes. Discovery in this area could lead to the development of pharmacotherapeutic approaches to the modulation of drug response, which could be used in humans to decrease the death and disability caused by drug addiction and dependence.
Methods
All sequence data was extracted from the National Center for Biology Information (NCBI). Homologs were identified using the information presented in HomoloGene (http:// www.ncbi.nlm.nih.gov/homologene) and the Zebrafish Model Organism Database (ZFIN) (http://www.zfin.org). The values reported in Tables 1 and 2 , reflect BLAST searches run using the NCBI BLAST BLASTP algorithm Fig. 8 Phylogenetic tree illustrating the sequence relationship of human and zebrafish proteins encoded by genes associated with downstream adrenoreceptor signaling. The nine human genes associated with adrenoreceptor signaling all have at least one zebrafish homolog. In addition, there are a pair of zebrafish paralogs, adra2da and adra2db, that belong to this receptor family, which do not have human homologs. However, these genes do significantly associate with the gene group including ADRA2A, ADRA2B, and ADRA2C. The TLR2 and TLR4 gene out-groups, again illustrate the tight association of the identified genes associated with adrenoreceptor signaling with default parameters (Altschul et al. 1990 ). The phylogenic analysis was done using a freely available software suite called MEGA5 (v. 5.05) (Tamura et al. 2011 ). All alignments were created using the Clustal W algorithm (Larkin et al. 2007 ) with the Gonnet protein weight matrix. A gap-opening penalty of 10 and a gap-extension penalty of 0.1 were used for pairwise alignments; a gap-opening penalty of 10 and a gap-extension penalty of 0.2 were used for multiple sequence alignments. The phylogenic trees were created using a maximum parsimony algorithm. The phylogenetic tree branches were tested and scored using a Bootstrapping method with 500 iterations. The final bootstrapped consensus phylogenic trees are reported with branch-point scores. The human TLR2 and TLR4, and zebrafish homologs, were included in all phylogenic analysis as an outgroup to provide a rooted analysis. The genes have well-defined characterized homology (Roach et al. 2005; Sullivan et al. 2009 ) and provide one gene with a single homolog and a second gene with a pair of zebrafish homologs.
